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Calmodulin, a calcium-dependent modulator protein, 
is known to mediate a great number of ca++ -dependent 
processes in various tissues. Although it was originally 
described as a protein activator of cyclic nucleotide 
phosphodiesterase, the sensitivity of phosphodiesterases 
to this compound are suggested to be variable from 
tissue to tissue. In order to determine whether there was 
calmodulin-like activity in pig skin epidermis and to see 
its relationship to epidermal phosphodiesterase, we used 
an established calmodulin deficient phosphodiesterase 
system prepared from bovine heart. 
Calmodulin deficient phosphodiesterase prepared 
from bovine heart was markedly stimulated by the ad-
dition of pig skin (epidermal) boiled extract in the pres-
ence of calcium. Boiled skin extract alone had only little 
phosphodiesterase activity by itself. This effect of boiled 
skin extract on bovine heart phosphodiesterase was in-
hibited by the addition of EGTA, a divalent metal ion 
chelator of relative Ca++ specificity. At a fixed concen-
tration of EGTA, increasing the Ca++ concentration 
counteracted the effect ofEGTA. Pure pig skin epidermis 
(separated by . trypsinization, NaBr, CaCb-sucrose or 
NR.Cl treatment) was also shown to have heat-stable 
calmodulin activity. In contrast to the bovine heart phos-
phodiesterase, epidermal phosphodiesterase was only 
partially inhibited when ca++ was removed by EGTA. 
The addition of boiled skin extract on the crude extract 
of epidermal phosphodiesterase had minimal effect on 
the enzyme activity. 
Overall results indicate that although pig skin epider-
mis contains significant amount of calmodulin, the reg-
ulation of phosphodiesterase may not be the main bio-
logical activity of epidermal calmodulin. 
Calmodulin is a heat stable, small, acidic calcium binding 
protein which was originally described as an activator of cyclic 
nucleotide phosphodiesterase [1,2]. This protein is now recog-
nized as a multifunctional activator of many Ca ++-dependent 
enzyme systems such as adenylate cyclase [3,4], Ca++_depen-
dent ATPase [5], and several protein kinases including phos-
phorylase kinase, myosin light chain kinase, NAD kinase, etc 
[6-9]. It also interacts with a protein of unknown function 
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called modulator binding protein or calmodulin binding protein 
[10,11] and is suggested to participate in the control of a wide 
variety of Ca++ mediated cellular events in eukaryotes [12]. 
Calmodulin is usually demonstrated as an activator of Ca++_ 
dependent phosphodiesterase. Several mammalian tissues 
however, have been shown to contain very low amount of thi~ 
type of phosphodiesterase [13]. Epidermis seems to be one such 
organ and Murray and Rogers [14] reported that minor fraction 
of mouse skin phosphodiesterase was activated by mouse skin 
modulator protein (calmodulin) in the presence of Ca++. They 
also reported that their modulator protein from mouse skin 
stimulated calmodulin deficient phosphodiesterase from bovine 
brain [14]. 
Besides the brain phosphodiesterase, heart is known to con-
tain significant amount of ca++_dependent phosphodiesterase 
[16]. This study was undertaken to determine whether pig skin 
epidermis contains calmodulin activity and to see its relation-
ship to epidermal phosphodiesterase especially in terms of Ca ++ 
sensitivity. In contrast to the study by Murray and Rogers 
[14], bovine heart phosphodiesterase was used as the source of 
calmodulin deficient phosphodiesterase in this study, since the 
lack of organ and species specificity is one of the main features 
of calmodulin action [12,15]. 
MATERIALS AND METHODS 
Preparation of Pig Shin Epidermal Phosphodiesterase and Boiled 
Shin Extract 
Domestic pigs weighing 5-10 kg were used as experimental animal. 
The dorsal skin was shaved and skin slices were taken by use of a 
Castroviejo keratome set at 0.2 mm. Histological section revealed that 
the skin slice thus obtained was predominantly epidermis (around 80%) 
with a little dermal contamination. The skin slices were washed 3 tin1es 
in saline and homogenized with 5 vol of 20 mM Tris HCl pH 7.5 buffer 
containing 1 mM EDTA in a glass homogenizer at 4°C for 3 min. The 
homogenate was centrifuged at 3,000 xg at 4°C for 20 min and the 
supernatant was used as pig skin phosphodiesterase. The supernatant 
was boiled at 95°C for 5 min and was then centrifuged at 10,000 xg for 
30 min and the supernatant was used as pig skin boiled extract. 
Preparation of Calmodulin Deficient Phosphodiesterase 
Calm~dulin deficient phosphodiesterase was prepared according to 
the method of Teo, Wang, and Wang [16] with minor modifications. 
Fresh bovine heart was obtained from a local slaughterhouse and was 
stored frozen 2-5 days at -20°C prior to use. The frozen herut tissue 
(400 g) was thawed and homogenized with 2 vol of cold buffer A (100 
mM Tris HCl containing 1 mM imidazole and 1 mM magnesium acetate, 
pH 7.5) and then filtered through cheese cloth. The homogenate was 
centrifuged at 10,000 xg at 4°C for 20 min and the supernatant was 
used as the original extract. The original extract (670 ml) was taken to 
60% saturation with solid (NH.,)zSO., and allowed to stand overnight 
with constant stirring. It was then centrifuged at 10,000 xg at 4°C for 
20 min and the pellet was dissolved in minimal volume of buffer B (20 
mM Tris HCl, 80 mM NaCl, 1 mM imidazole, and 1 mM magnesium 
acetate, pH 7.5) . The sample was dialized for 3 days against 5 changes 
of 5 liters of buffer B. The dialyzed sample was centrifuged at 10,000 xg 
at 4 oc for 20 min and the supernatant was applied to a DEAE 
Sepharose column (2.6 X 65 em) previously equilibrated with the buffer 
B. The column was first washed with the buffer B and was washed 
stepwise with Tris HCl buffer containing 200 mM NaCl, 1 mM imidazole 
and 1 mM magnesium acetate, pH 7.5. 2.75 ml fractions were collected. 
The 200 mM NaCl eluent with yellowish color contained phosphodies-
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terase activity which could be activated to a maxim of 7-8-fold by 
calmodulin, and was used without further pmification. T he enzyme 
solu tion was stored frozen at -80°C in 3 ml aliquots. To avoid possible 
variations in propert ies of the calmodulin deficient enzyme, a single 
preparation of the enzyme was used throughout the present work. T he 
specific activity of the pooled enzyme was 25 n moles/ min/ mg protein 
when maximally activated by the boiled skin extract in the presence of 
C ++ a . 
Assay of Cyclic AMP Phosphodiesterase 
The method is essentially that of Butcher and Sut herland [17] with 
minor modifications by Cheung [18]. T he onestep assay procedure 
reported by Teo, Wang, and Wang [16] was used in all experi ments 
reported in this study. T he procedure involved the conversion of5'AMP 
to adenosine by 5' -nucleotidase and the inorganic phosphate released 
was measured by the method of Fiske and SubbaRow [19]. 
Standard assays were carried out at pH 7.5 and 36°C for 30 min . The 
reaction mixture of 0.5 ml conta ined, in addi tion to the phosphod ies-
terase and epidermal boiled extract, 50 mM each of tris and imidazole, 
6 roM magnesium acetate, 2 mM cyclic AMP and 0.2 uni ts of 
5'nu cleotidase. T he reaction was initiated by the addition of cyclic 
AMP and after 30 min incu bation the reaction was stopped by the 
addition of 50 J.Ll of 55% trichloracetic acid. Subsequent procedures of 
measuring inorganic phosphate were carried out as repor ted by Cheung 
[18]. S ince there was a loss of color due to the protein present in the 
reagent mixture [18], appropriate control with known amount of inor-
ganic phosphate was also assayed fo r the correction of the enzyme 
activity. T he data was defined as n moles of morgamc phosphate 
released/min/ mg protein of phosphodiesterase. 
Protein was determined according to the method of Lowry et al [20] 
with bovine serum albumin as a standard. 
DEAE Sephru·ose was the product of Pha1·macia Fine Chemicals Co. 
(Uppsala, Sweden). Cyclic AMP and 5'-nucleotidase grade III from 
crotalus adamanteus were obtained from Sigma Chemical Co. (St. 
Louis, Mo.). All other chemicals were purchased from Wako Pure 
Chemical Indust. (Osaka, Japan). 
RESULTS 
Time course of t he effect of pig skin epidermal boiled extract 
on t h e calmodulin deficien t phosphodiesterase prepar ed fro m 
bovine h eart is sh own in F ig 1. P hosphodiesterase was incu-
bated with a nd withou t pig skin boiled extract in t he presence 
of Ca++. There was a marked increase in the phosphodiesterase 
acti v ity whe n boiled skin extract was added in t he m edia. 
Boile d skin extract alone ha d only lit tle phosphodiesterase 
activity by itself (data not sh own). Exogenous Ca++ ha d negli-
gible effect on the calmodulin deficien t phosphodiesterase, 
eith er (data not shown) . 
T h e effect of pig skin epidermal boiled extr act on the cal-
modulin deficien t phosphodiesterase was a satura ble process, 
and w h en 156 J.Lg protein of calmodulin deficien t phosphodies-
terase was used, the amount of boiled skin extract giving half 
maximal stimulation was ru·ound 3 J,Lg protein a nd that giving 
the maximal stimulation was ru·ound 60 J,L g protein (F ig 2). 
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FIG l. Time course of the effect of pig skin boiled extract. Bovine 
heart calmodu lin deficient phosphodiesterase (313 J.Lg protein) was 
incubated wi th (e----e) and without (0--0) pig skin boiled extract 
(130 p.g protein) in the presence of Ca++ (100 J.LM). Data were expressed 
as n moles inorganic phosphate released/min/ mg protein of phospho-
diesterase. The means of 2 independent experiments are shown. 
EPIDERMAL CALMODULIN 231 
F ig 3A s hows th e titration of phosphodiesterase activity with 
EGTA, a divalent metal ion chelator of relative Ca++ specificity 
[21]. Both cal m odulin deficien t phosphodiesterase and skin 
boiled extract was added in th e media. In contrast to F ig 1 and 
2, no exogenous Ca++ was added. When EGTA was not added 
in th e reagen t m ixture (data at 0 J.LM EGTA Fig 3A), even in 
t he a bsence of exogenous ca++, t he activating effect of skin 
boiled extract was similar to th at seen in th e presence of 
exogenous Ca++ (see F ig 1 a nd 2 for comparison). This would 
be probably due to t he presence of endogenous ca++, which 
m igh t be transferred to the media with the boiled skin extract. 
With increasing concentrations of EGTA, the effect of boiled 
skin extract on calmodulin deficient phosphodiesterase activity 
diminished and at 100 J.LM EGT A th e activity reduced to a basal 
level (Fig 3A). Because of the con tamination of Ca++ in t h e 
reaction mixture, a m olru· excess of EGTA was usually added 
wh en the true basal calmodulin deficient phosph odiesterase 
activity was to be determined. To test the sensitivity of phos-
ph odiesterase a nd skin boiled extract to a ch ange in ca++ 
concen tration, enough EGTA (100 J.LM) was added in the reagent 
mixtm e to chelate th e endogenous Ca++. T he effect of EGTA 
was counteracted by th e addition of exogenous Ca++ and the 
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FIG 2. Concentration effect of pig skin boiled extract. Bovine heart 
calmodulin de ficient phosphodiesterase (156 /lg protein ) was incubated 
wi th various amounts of boiled kin extract for 30 min in the presence 
of Ca++ (100 !lM). Data are the means of 2 independent experiments. 
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FIG 3. Effect of EGTA (A) and Ca++ (B) on phosphodiesterase 
activity. T he reaction mixture was supplemented with 313 l'g phospho-
diesterase and 125 J.Lg epidermal boiled extract. Exogenous Ca++ was 
not added in the media. (A) The concentration of EGTA was vru·ied as 
indicated. (B) EGTA (100 /lM) was added to chelate the endogenous 
Ca++. T he concentration of Ca++ on the abscissa refer to exogenous 
ca++ added in the reaction mixture. 
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complete recovery of the activity was obtained at around 100 
!LM exogenous Ca++ concentration. The concentration of exog-
enous Ca++ giving half maximal stimulation was about 30 fLM . 
Keratome-sliced section of pig skin contained dermal contam-
ination as was described in Materials and Methods section. 
P ure epidermal calmodulin activity was investigated using sep-
arated epidermal samples prepared by several methods (Table 
I) . Since calmodulin effect on calmodulin deficient phosphodi-
esterase is stoichiometric and saturable process [22,23] (Fig 2), 
appropriate amount of pure epidermal boiled extract was used 
to compare the recovery of calmodulin activity by each sepa-
ration method. Boiled extract of pure epidermal samples were 
all shown to have significant amount of calmodulin activity on 
the bovine heart calmodulin deficient phosphodiesterase (Table 
I). Dermis also contained significant amount of calmodulin 
activity. The recovery of calmodulin activity was most marked 
when NH.,Cl treatment was employed, whereas that by eaCh-
sucrose treatment was poor. These effects of pure epidermal 
samples were also shown to be Ca ++-dependent, since they were 
inhibited by the addition of EGTA, and the effect of EGTA 
was counteracted by the addition of molar excess of Ca++ (data 
not shown). 
Comparison of the effect of EGT A on crude phosphodiester-
ases from bovine heart and pig skin is shown in Fig 4. The 
original extract from bovine heart and pig skin crude extract 
TABLE I. Effect of pure epidermal boiled extract on the calmodulin· 
deficient phosphodiesterase 
I. P hosphodiesterase alone 
II. I+ CaCb 
III. II + boiled skin extract 
IV. II+ boiled epidermal extract: 
Trypsin 
NaBr 
NH,Cl 
CaCh-.sucrose 
V. II+ boiled dermal extract: 
Trypsin 
NaBr 
NH,Cl 
CaCh-sucrose 
P hosphod iesterase aclivily 
n moles/min/ mg prote in 
3.8 
4.9 
23. 1 
16.2 
18.0 
20.2 
10.9 
8.0 
13.8 
20.3 
6.6 
" Pig skin slice was taken with a Castroviejo keratome set at 0.3 mm 
depth. T he skin slice was cut into 5 X 5 mm squares and 15 squares 
each were treated with trypsin (bovine pancreas, 5 mg/ 10 ml, pH 7 at 
37°C for 2 hr), NaBr (2 M, pH 7, at 37°C for 1 hr) , NH,Cl (0.24 M, pH 
9.5 at 4°C, for 15 min) and CaCh-sucrose (2M CaCh-0.25 M sucrose, pH 
7, at 4°C for 2 hr). Epidermal sheet was separated and preparation of 
boiled extract was done as described in Materials and Methods. Ho-
mogenization was done with 1 ml buffer each and 100 ILL each of boiled 
extract was used. Incubation was done for 30 min at 37°C. The amount 
of calmodulin-deficient phosphodiesterase was 320 /lg protein. 
o-o bovine heart 
0 o , r--•,'no---,~o"'o----;;1 o&.o"o 
t• M (EGTA) 
FIG 4. Effect of EGT A on the cyclic AMP phosphodiesterase activ-
ities of the bovine heart and pig skin . Phosphodiesterase activity of 
bovine heart (()---{)) and pig skin extract (.._.....) was measured in 
the presence of various concentrations of EGTA. Percent activity of 
original phosphodiesterase activity (without the addition of EGTA) 
was shown. 
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TABLE II. Calcium-dependency of bovine heart qnd pig skin 
phosphodiesterases 
I. bovine heart extract 
+ CaCh (1 mM) 
+ EGTA (100 !J.M) 
+ CaCh + EGTA 
+ boiled skin extract + CaCh 
II. pig skin extract 
+ CaCh 
+EGTA 
+ CaCh + EGTA 
+ boiled skin extract + CaCh 
Ill. boiled skin extract 
+ CaCh 
Phosphodiesterase activity 
n moles/ 30 min/ mg protein 
449 
435 
48 
404 
430 
51 
51 
45 
50 
62* 
(8) 
(8) 
Bovine heart original extract and pig skin crude extract were pre-
pared as described in the Materials and Methods section. Data were 
expressed as n moles/30 min/mg protein of each crude extract. The 
enzyme activity due to boiled skin extract (130 /lg protein) was pre-
sented in parenthesis. The same amount of boiled skin extract was 
added in experiments I & II . 
(see Materials and Methods) were used as enzyme sources. 
Bovine heart phosphodiesterase was much more markedly in-
hibited by increasing concentrations of EGTA than that from 
pig skin . At 100 fLM concentration of EGT A, remaining phos-
phodiesterase activity from bovine heart was 15% of the original 
(no addition ofEGTA) activity, and that from pig skin was 85%. 
These effects of EGTA on phosphodiesterases were counter-
acted by the addition of exogenous Ca++ (Table II) . Further 
addition of boiled skin extract on the crude extracts of both 
phosphodiesterases had minimal effects on both enzyme activ-
ities (Table II). (The apparent increase in the skin phosphodi-
esterase activity by the addition of boiled skin extract (*) was 
mainly due to the enzyme activity of the added boiled skin 
extract per se. ) 
DISCUSSION 
In contrast to similar Ca ++-binding proteins such as troponin 
C and parvalbumin, which are tissue specific and ru·e believed 
to have evolved for specific functions [24], calmodulin is ubiq-
uitously distributed [11,12,25] and is believed to be one of the 
most highly conserved protein so far isolated [12,15,26,27]. This 
explains the lack of species or organ specificity of calmodulin 
action, and using an established calmodulin deficient phospho-
diesterase system prepared from bovine heart [16] , we could 
demonstrate the calmodulin activity of pig skin epidermis. Pig 
skin epidermis was shown to have a heat stable, Ca++_depen-
dent cyclic nucleotide phosphodiesterase activator, i.e., calmod-
ulin. Pure epidermal samples by various preparations were also 
shown to have calmodulin activity (Table I) . These data ru·e 
consistent with the result of Murray and Rogers [14], who 
demonstrated calmodulin activity in mouse skin, using another 
calmodulin deficient phosphodiesterase system from bovine 
brain. 
Although significant amount of calmodulin activity was dem-
onstrated, physiological effect of epidermal calmodulin remains 
unknown at the present time. Several lines of evidence are 
against its significant role on epidermal phosphodiesterase. All 
calmodulin-dependent phosphodiesterase so far described is 
detected as a ca++ -dependent phosphodiesterase activity 
[2,12,16]. Epidermal phosphodiesterase, however , was only par-
tially inhibited by the addition of ca++ chelator, EGTA, the 
data consistent with our previous results in human skin that 
psoriatic epidermal phosphodiesterase from both involved and 
uninvolved epidermis was not significantly inhibited by EGTA 
[28]. T his is in contrast to the data of heart phosphodiesterase 
where EGTA markedly inhibited the enzyme activity (Fig 4) , 
and thus suggesting that major part of epidermal phosphodi-
esterase is relatively independent of calmodulin . Since the effect 
of EGT A on epidermal phosphodiesterase was counteracted by 
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the addition of exogenous Ca++ (Table II) , this partially in-
hibite d phosphodiesterase fTaction seemS to be the Ca++_depen-
d e nt, calmodulin-dependent epidermal phosphodiesterase 
[14]. Furthermore, as was shown in Table II, fur ther addition 
of e pidermal boiled extract did not enhance the enzyme activi-
t ies of both epidermal and heart crude phosphodiesterases. 
Bot h epidermal a nd heart phosphodiesterases, therefore, seem 
to b e fully saturated with calmodulin and this would probably 
be t he way phosphodiesterase exists within the cell in vivo. 
B e sides the effect on phosphodiester ase, calmodulin is now 
known to have many other biological effects (see Introduction) . 
Recent evidence also suggests its role on microtubule assembly 
[29], and calmodulin is now thought to mediate not all but 
many of the effects of Ca++ in eukru·yotic cells [12]. There ru·e 
several definitely and possibly Ca ++-dependent enzym e systems 
in e pidermis, which include transglutaminase, phosphorylase 
kinase, glycogen synthetase kinase, etc [6,30-33). R ecently 
ca++ -dependent phosphoryla tion of endogenous protein from 
p ig s kin epidermis was also detected by us [34]. Although 
physiological effect of epidermal calmodulin remains unknown, 
an y ca++_dependent biochemical and biological process has a 
poss ibility that it is r egulated by calmodulin, which might have 
a significant role on the metabolism in epidermis. 
W e are grateful to Prof. A. Ohkawar a (Asahikawa Medical College, 
Jap a n) a nd Prof. K Adachi (Univ. of Miami) for their helpful advice 
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